In this paper, we present the resonance frequency spectra features of a composite resonator consisting of a piezoelectric film and a substrate plate. Based on those features, a direct method to characterize the piezoelectric film with two electrodes is presented. By directly using the parallel and series resonant frequency spectra of the HBAR, the electromechanical coupling factor, the density and the elastic constant of the piezoelectric film can be obtained directly. Some problems related to the accuracy of the method, especially the effect of the electrodes, are discussed.
I. INTRODUCTION
The most accurate measurement to characterize the acoustic properties of a piezoelectric film is the resonance frequency. A successful example is the IEEE standard on piezoelectricity [I] , where the electromechanical coupling coefficient of a piezoelectric plate is determined solely by its fundamental resonant and anti-resonant frequencies. Piezoelectric films used at very high frequencies are too thin to be selfsupported, so they have to be deposited on a solid substrate and the film properties depend on the properties of the substrates. Thus, characterizations of the films have to be camed out on the composite resonators as shown in Fig. I , and so a new measurement method is necessary. For the case where a piezoelectric ceramic film is deposited on an isotropic substrate to form a thickness extension mode resonator, some inversion methods [2], [3] had been developed to extract the electromechanical coupling coefficient of the film from the input impedance data. It is well known that the inversion procedures are not only time consuming but also not always reliable.
A direct method to characterize a piezoelectric film coated on an isotropic substrate to form a two-layer thickness expander composite resonator [4] was reported. By knowing the resonant spectrum of a composite resonator, three parameters of the piezoelectric film, i.e., the electro-mechanical coupling coefficient, the elastic constant, and the density could be determined. The validity of this method was demonstrated with simulations when electrodes were ignored. Recently, this method was developed to characterize the piezoelectric film operating in thickness shear mode by using the resonance frequency spectra of such a composite resonator [5] . Furthermore, the so called Resonance Specfra Method was extended to the case that the electrodes were taken into account [6] [7]. It can be identified, however, that the method is not complete up to now. Some factors affecting the accuracy have not been clarified, for example, the effects o f the electrodes.
In this paper, the features of the resonance frequency of the HBAR will be analyzed firstly. Two sets of explicit formulae, which are the principles of this method, will be presented on assuming the materials loss-less and ignoring the mechanical effects of the electrodes. Validity of the method is identified by numerical simulation and some experimental results on ZnO/fused quartz HBAR. Explicit formulae to evaluate the electromechanical coupling coefficient, when the electrodes are taken into account, are obtained and -comprehensive numerical simulations are carried out to show the effectiveness of the modified formula. Fig. 2 shows the input electric impedance of a two-layer HBAR as shown in Fig1 by ignoring the electrodes. This figure is calculated by using the following equation [4] k: 2 tank 12) + zb tan yb 1 + zb tan y, I tan y and plate, respectively. The HBAR is consisting of a PZT film deposited on a stainless steel substrate. In the calculation, a small imaginary part is added to the velocities of both the film and substrate to avoid singularities. It is shown in the input electric impedance of the HBAR that there are multiple sharp peaks and each corresponds a resonance "mode". More important features are the distributions of the resonance frequency spacing and they are analyzed as follows.
THE FEATURES OF THE RESONANCE FREQUENCY SPECTRA OF A HBAR
Based on the definition of the IEEE standard [ 1 J, the parallel resonant frequency of a single piezoelectric plate corresponds to the maximum resistance, which is the real part of the impedance of the resonator. By the same definition the parallel resonant frequencies can be calculated for all the modes. When the materials are loss-less, it is easy to find that the parallel resonant frequency equation is given by The series resonant frequencies correspond to the maximums of the conductance, which is the real part of y,, = 1/z, . They are the roots of the following equation for loss-less materials After obtaining the resonance frequency data, by experiment or simulation, it is easy to calculate the spacing of the parallel resonant frequencies (SPRF) by defining Where, fp (m + I), f, (m) are the parallel resonance frequencies of (m+l)-th and m-th orders of the HBAR.
By plotting Afp (m) versus the frequency or the order M , a periodic distribution can be found and it is shown in Fig. 3 . There are four unique values in the figure: (1) the periodicity, Afc; (2) the SPRF value at the center of the regular regions, AfN ; (3) the SPRF value at the center of the transition regions, AfT ; (4) the modal frequency spacing of the bare plate, Afo.
Later, we will derive the formulae which relate these unique SPRF values and the associated parameters b and ? or e: . It seems that the piezofilm is working as a "quarter wavelength resonator". Contrarily, for the case of ZnO film on a fused quartz plate resonator, where zb << 1 , the peak k , value is located at the frequency f = v / 21 , and the film acts as a "half wavelength resonator". In next section, we will derive the explicit formulae, Briefly, the SPRF, i.e., Afp (m) and the ke> (m) of a composite resonator are determined by the acoustic properties and geometric parameters of the piezoelectric film and the substrate of the HBAR. Both have their maximum magnitude at a certain frequency, which is determined mainly by the piezoelectric film and also by the acoustic impedance ratio of the piezoelectric film and the substrate. When the acoustic impedance of the piezoelectric layer is smaller than that of the substrate, referred to as a "hard substrate", such as PZT on stainless steel, the maximum magnitude is located in the first transition region. When the acoustic impedance of the piezoelectric layer is greater than that of the substrate, referred to as a "soft substrate", such as ZnO on quartz, the maximum magnitude is located in the first normal region. In the following sections, we will present the relations between the resonant frequencies of the modes and the piezoelectric film parameters on the approximations of ignoring the effects of the electrodes and material loss. Since the film parameters can be determined by the distribution of the resonant frequencies merely, we name this method as Resonant Spectrum Method.
nI. PRINCIPLES OF THE RESONANT SPECTRUM METHOD
The principles of the Resonant Spectrum Method are based on two groups of explicit approximate formulae-(a) The It was found that the distribution of the SPRF is the same as the modified modal frequency spacing (MMFS) method [9, IO] , and has definite relations with the two parameters of the piezoelectric film [6, 7] . The results can be summarized as follows. Afo =Vb12b
is the mechanical resonance frequency of the fundamental mode, or the spacing of its modes of the bare plate. It is assumed that all the parameters of the substrate are known, and so Eq. (6) indicated that Af.,, only depends on' 61 . By evaluating the value of AfN from the SPRF data, the value ,6I can be determined. ,.
A or bl is known, the other one can be calculated from this formula.
The three formulae, (6), (8) and (9), give an approximate relation between the material and geometrical parameters of the two layers and the three unique values, AfN, A f T and Afc . The three unique values can be evaluated from the SPRF distribution, which are acquired from experimental data. The parameters involved in the three formulae are the densities, p and p , bulk modulus, (4 + 2,U, = p b v:) and q , (or longitudinal wave velocities, vb and v ), and thickness, b and 1 , of the two layers, respectively. In some cases, three unknown parameters can be evaluated from those formulae. But for the case discussed here (the three parameters of the substrate plate are known and the three parameters of the ceramic film are unknown), only two of the three unknown parameters can be evaluated from those formulae, because they are always in the combined forms of ( [/e3, ) and b / . So in the following simulations, the thickness of the film is given and only two parameters q3 and p will be determined. Using the definition of the "effective coupling factor" given in Eq.(4) and the resonance frequency equations (2) and (3), we derived two explicit formulae which relate k: to the "effective coupling factor" for a special mode at the center of the is a correction factor which is not necessarily near unity when mT is not very large (SO, for example). directly. The validity of the method has to be identified. In the following two sections, we will present numerical simulation results and some experimental results to show the validity of the method and the effects of the electrode on the accuracy of the method. 
Iv. VALIDITY OF THE METHOD
It is understood that the two formulae were derived by using Eqs.(2) and (3) which pertain only to loss-less materials. Any piezoelectric material, however, has mechanical, dielectric and piezoelectric losses. As such, the resonance frequencies have to be calculated directly from Eq.( 1) rather than from (2) and (3).
For checking the validity of the method to determine the k: , we carried out a numerical simulation by taking the mechanical losses into account to show its effects on the k: accuracy. Another part of the method, i.e., determining the density and elastic constant by the SPRF distribution, had been analyzed elsewhere [lo] . so data fitting is un-necessary. The jump in Fig.6 , which always appears for all the HBAR devices, is caused by measurement system. Because only the maximum value and corresponding position are concerned in the method, the jump as shown in Fig.6 will not affect the result. However, it has to be kept in mind that the position on This means that the proposed method is available for real piezoelectric films if the phase angle of the elastic constant is not more than 3 degrees, which is a reasonable criterion for the common piezoelectric films. The sample used in the simulation is a thick film, since the relative thickness in wavelength ofthe film to the substrate is about 1/20. showed the results are reasonable. This means the evaluated value of k, =7.6 % should be modified to 7.2 %. 
v. EFFECTS OF THE ELECTRODE
Obviously, for the high frequency case the piezoelectric film is very thin and the effects of the electrodes can't be ignored. The effects were discussed primarily by Zhang et a1 [7, 8] . In this section, we present a comprehensive simulation for the electrode effects on the accuracy of the method and the modified formula.
The input electrical impedance of a four layer HBAR is given by Using similar procedure as the two-layer case, we obtained a formula based on the formula developed by Zhang [8] . In Zhang's model, the effect of the mid electrode is divided into two parts: half into film, and another half into the substrate. We consider the complete mid-layer engaged into the thin film and so the formula is modified to be We carried out a comprehensive simulation to verify the validity of the model. The data of the parameters used in simulation are listed in Table 2 . The samples cover a wide range of pbvbi;pL as shown in Table 1 . Eq.( 18) clearly showed that the effects of the electrodes are mass loading only, but this conclusion has to be verified. So we choose gold and tungsten as the electrode because they have similar density but very different acoustic impedance. The maximum mass ratio of the electrode to the film covers from 7.9 % to 85.5 %, as shown in Table 3 , on the condition of keeping the thickness of the electrode less thgn 5 % of wavelength (to guarantee Taking a set of data of a specified combination, the resonance frequencies of the modes within the first period are calculated by using the impedance equation (1 8), respectively. In Fig.7 , the effects of three kinds of electrodes for a combination of a film on a substrate are shown by a figure. The bold lines are the results from the non-corrected formula (IO) and the fine lines are the results from the modified formula (18). It is clearly shown that the effectiveness of the modified formula (1 8) is satisfactory. The formula is still valid even for the mass loading as large as 85 % of the film's mass. Besides, it is identified that the effect of the electrode is merely a kind of mass loading. The effects are the same for gold and tungsten at the same mass ratio. There is a little over correction for the ZnO film on the three substrates but there is no this phenomenon for PZT film. There is an error of no more than 3 % even at the case of ignoring the electrode's effect. Those inaccuracies, however, are allowable for determining the electromechanical coupling coefficients. a , i.e., merely a mass loading). 
VI. CONCLUSIONS AND DISCUSSIONS
The principles of the Resonant Spectrum Method were presented briefly. In this method three major parameters of piezoelectric films, i.e., the electromechanical coupling coefficient, the elastic constant and density, can be obtained by using a set of explicit formulae. Numerical simulation and experimental results on ZnOlfused quartz HBAR confirmed the validity.
Two problems relating with the validity and accuracy of the method are investigated in detail. The first problem is the relation of the mode order, where the effective coupling is in maximum, and the specific order e,.,, and m, . The second problem is the effects of the electrodes and how to correct the effects. We introduced a modified formula based on [8] , and the simulation results indicated that the modified formula gave satisfactory correction.
An obvious advantage of the Resonant Spectrum Method is its "directness". Usually, the parameters of the piezoelectric films are determined from their electric features measurements, for example, from the input impedance by an inversion method. Besides, it is very important in the developed method that resonant frequency is the only measurant and the distributions of resonant frequencies are of interest merely. Therefore, the accuracy of the measurant is guaranteed and the calibration of the measurement system is not critical, while the accuracy of the calibration makes a great difference in the measurement of the impedance. This is not trivial because usually accurate calibration is very difficult.
There are some limits on this method. The thickness of the film has to be known and actually, the error in determining the thickness of the film is the major source to evaluate the three parameters of the piezoelectric films.
The formulae, (6), (8), (10) and (1 I), are useful for designing HBAR. Those formulae give the spacing of the modes, the effective coupling factor, and the related parameters explicitly. ElectroQ'IhiclaEss (E gi 
